The idea for these demonstrations occurred when, while preparing a demonstration for a course, I realized that I was reinventing the overhead projector. Because the projector is so readily available, I undertook to see how much could be done with it using additional inexpensive and readily available materials. No fundamental novelty is claimed, since projectors have been around for at least 300 years, and people have probably tried most everything. Moreover, most of these demonstrations are variations on classics that can be done in many ways. The purposes of this work are to point out just how much can be done so easily on the projector, to provide guidance in optimizing the demonstrations, and to provide information on vendors and useful materials. Most important, I hope to encourage people to do demonstrations. The projector is obviously ideal for many demonstrations of human vision, but I have not undertaken these, leaving them to specialists in the field.
INTRODUCTION
Demonstrations are good, overhead projectors are common and inexpensive, and much can be done with the projector quickly, easily, and with inexpensive materials.
The Importance of Demonstrations People are visual creatures. Much of the brain is devoted to vision. People are attracted to bright lights, autumn leaves, television, computer graphics, and visual stimuli of all sorts. Language is filled with visual metaphors, an example being the term "color' as used in music. Appearances are important.
Seeing is believing, remembering, and reinforcing. Now, in the Age of Simulation, demonstrations have new importance as a counterbalance to complete dependence on and faith in what computers-with their alluring visual outputs-produce.
Advantages of the Overhead Projector
Overhead projectors are commonplace, and inexpensive, with prices starting at about $250. Expensive projectors are not necessary for demonstrations, and, indeed, projectors with "bad" performance can be used to show aberrations. Projectors are safe-UL approved and built for general use. Projectors supply a major portion of many experimental setups. In particular, they contain a strong lamp, with cooling, electrical power supply, and condensing lens a substantial part of the apparatus that for many optical demonstrations is the most trouble and least interesting.
The additional materials required for most of the demonstrations described here are inexpensive, some being everyday objects. Many of the purchased items are obtained from educational-as opposed to more pricy scientific-vendors, as well as, for example, theatrical supply stores. Many of the fabricated parts are plastic that can be made in a machine shop or carpentry shop, buffed smooth, rather than figured from glass in an optical shop.
To demonstrate the parity change produced by a mirror, hold a mirror just after the projector lens, producing an image on the wall, floor, or ceiling of reversed parity. Move the mirror to show that the image parity stays the same, although its orientation changes.
A part of the projection system is the screen, which is designed to scatter the light incident upon it into a range of angles subtended by the audience. Show the screen's angular scattering properties by taping different materials to it, for example white paper and aluminum foil. Walk around the room to see how the relative brightness of the different surfaces change with position.
Some Practical Tips
. Block out the irrelevant portion of the illuminated field with a platen field stop to eliminate space in which nothing is happening, to concentrate attention, and to reduce the light in the room. A generally useful stop is a white cardboard sheet covering the platen with a rectangular hole about 7"x9". Dark cardboard absorbs and warms.
. Energy densities are greatest where the lamp is focused, usually just below the projection lens, so be careful about placing color filters, polarizers, and other materials there. Plastic can melt and paper can ignite. This can be used to show that radiation transfers energy, for example, by putting a beaker of water with a thermometer at the focus. To reduce the power at the focus, block some of the light with a field stop on the platen or place on the platen an IR absorber, for instance one of the sheets used with theatrical lights.
S Eliminate distracting stray light emitted from various openings in the projector base. This light is not noticed in ordinary use, but is detrimental to demonstrations. To check for stray light, cover the platen completely and turn on the projector in a dark room. In obstructing these openings, do not block cooling air. A loop of tape often does the job.
. Many demonstrations require additional field stops that can be cut from thin cardboard. A particularly useful one has a single hole in the center about 1cm in diameter. Another has a slit the same width. A cutout letter F, or something else that shows parity, is useful.
. Eliminate unwanted moire effects involving the projector Fresnel lens by raising the demonstration material on a sheet of glass or plastic and refocusing.
. Color filters sold by theatrical supply houses are most generally useful. They are large, relatively inexpensive, and are designed to withstand heat. Rosco sells a "swatch book" of filter samples with spectral transmission curves.
. "Ripply glass," such as that used in shower doors is useful. It can be obtained from stores that supply hobbyists who work in stained glass windows, Tiffany-type lamps, and so forth. The appearance on the projector of these materiajs is difficult to predict, so it is best to get a variety. (This material can produce fascinating diffraction patterns when illuminated by a laser.)
• A strong diffuser on the platen results in too weak an image, since too much light is scattered beyond the lens. A useful diffuser is Rosco #110.
• Projectors can be used backwards, by using the lens to image onto the platen, covered with a suitable screen material, for instance, white paper.
• For many experiments requiring two projectors, one can be a slide projector.
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. Pairs of projectors can be used in a number of ways. Two patterns, images, or colors can be overlaid.
One projector can be used to produce an image on a screen, and another to reimage it onto the platen. For some demonstrations, the second projector can be a slide projector.
. An object that must be vertical can be projected as follows. Place it in the center of the platen. On one side, set a mirror at 45°to produce an image in the platen plane. On the other side set up a mirror angled to direct light from the base through the object and into the projection lens.
. Darkfield illumination can be obtained and objects can be illuminated transversely from one or more directions by using mirrors on the platen and an opaque sheet under the object. However, this is inefficient.
. The projector base can provide illumination for other demonstrations. If the lens is removed, the application can be placed above the base. Alternately, a mirror can be used to redirect the light horizontally.
. The projector base can produce a somewhat collimated beam. Find the location on the platen of the best beam empirically by blocking most of the platen with a stop that is moved about it.
. A light table can be made by covering the base of the projector with a sheet of milky plastic or opal glass.
. Many transparencies can be made easily, without photographic processing. Transparencies can be made on thermal copiers and on many photocopiers, so patterns found in books and catalogues, for example resolution targets and patterns that produce good moire effects, can be used. Copiers with enlarging and reduction capabilities are available. Computer graphics can be readily produced..
. A turntable with a hole in the center can be made from RubbermaidTM lazy susans sold in supermarkets for a few dollars. Holes, which need not be precise, can be cut in the centers.
MONOCHROMATIC GEOMETRIC OPTICS Plane Parallel Plate
To show axial image shift, place a grid on half the platen and above it a glass or plastic plate or a beaker of water. Refocus the lens to show an axial shift. Hold another grid next to the plate, and move it axially until it is in focus, showing the location of the image and that the axial shifting does not change lateral scale.
Show translation by tilting a clear plate over a marked transparency. Use different thickness plates, side by side if possible, to show that translation varies with thickness for a given angle. An application is the optical micrometer, in which small image shifts are measured by tilting a thin plate over an angle large enough to be easily measured.
Demonstrate a scanner using a plastic cube with two handles on opposite sides. Cover the platen except for a single hole, and the rotate the cube with the handles. An application is in high-speed film cameras where the film does not come to rest to expose each frame.
Thin Prism
Show the monochromatic properties of the thin prism with a clear plastic prism, about 100mm x 100mm with an apex angle of about 100. On the platen place a cardboard with a letter "F" cut out, and cover the opening with a green filter, since dispersion is not to be shown here. Hold the prism at the projector lens. 
Retroreflector
With an open platen, hold a plastic bicycle reflector at the screen and its observe its appearance from different places in the room. Similarly, hold retroreflective material against the screen. The screen itself, as discussed above, is somewhat retroreflective.
DISPERSION
Show dispersion with a glass prism at the projection lens, with the platen covered except for a small central hole. A chromatically dispersed image of the hole is seen, and tilting the prism shows that the minimum deviation angle varies with wavelength. Show that refraction angles vary with material by using a pair of prisms of different materials with the same angle. A plastic prism can be made to match the shape of an existing glass one. Cover the platen with a cardboard from which a slot has been cut. The resulting spectrum on the screen is curved, since the rays from the various points in the slot make different angles with the prism. Slits in spectrometers are curved for this reason. Another object with which to show dispersion is a plastic cone with a large apex angle, which gives a colored circle on the screen.
The chromatic aberration of the projector Fresnel lens provides another demonstration. Block the platen except for an opening near an edge, and hold a white card under the projector lens to see a chromatically aberrated image of the lamp.
Rainbow
The rainbow can be demonstrated with a single plastic ball. Hold a viewing screen near the projection lens on the audience side, and hold the ball in the light leaving the projector to produce a rainbow-like pattern on the screen. This requires some experimentation. There is not much light, so reduce stray light with a platen cardboard from which part of an annulus is cut out, blocking much of the light that does not contribute to the rainbow. Use a light blue color correction filter on the platen to enhance the blue end of the spectrum. An analogous demonstration can be done with a plastic cylinder and a field stop with a straight slot.
IMAGING
Record images by projecting onto paper taped to the wall or onto a whiteboard or a blackboard. Images can be traced and measurements made with rulers and protractors.
Miscellaneous Properties Measure transverse magnification. by putting a clear plastic ruler on the platen, measuring its image, and finding the ratio.
Show orthographic imaging and keystone distortion with a clear plastic grid on the platen projected onto a screen at various angles. Tilt the object grid over the platen, and measure the sizes and angles of image features.
Rotate the transparency and show that the image rotates identically.
Demonstrate front and rear projection and parity by projecting an appropriate pattern on a screen that can be viewed from both sides, for instance tracing paper or thin cloth. Flip over the transparency on the platen to show parity reversal, and rotate the transparency in the platen plane to distinguish between orientation and parity.
Show vignetting with a piece of cardboard with a hole cut out, held at various places between the platen and lens.
To show imaging reversibility, turn the projector off, cover the platen with a white paper to act as a screen, and image a bright external object onto the platen.
Introduce auxiliary lenses either before or after the projector lens to show how image size and location change. Translate and tilt these lenses to show other properties.
To show relationships between the distances between object and lens and between lens and image, move the transparency above the platen, move the projection lens, and move the projector as a whole toward or away from the screen.
Resolution and Empty Magnification
To demonstrate resolution limitations, use a transparency with a variety of feature sizes. One can be made by photocopying a picture of a resolution target from a book or catalogue. View the image from near the screen to observe that images of smaller features become blurrier and fmally indistinguishable. With a good projection lens, the resolution of an image viewed from the normal audience position is limited by that of the viewer's eye, so the limitations of the projection lens are not observable. Project a piece of microfiche so that its geometrical image is sufficiently large that the letters ought to be readable. They remain unreadable, even when observed at the screen with a magnifier. Magnification and resolution are not matched.
Phase Structures Various properties of phase structure images can be shown with ripply glass. If a grid on the platen is covered with a weak ripply glass, the image is distorted, but remains sharp. If the glass is moved to the lens, the image is blurry. This shows the difference between looking upward through the atmosphere from the earth' s surface and looking downward from above, as from a satellite. Move the ripply glass between the platen and the lens to show the transformation between the two extremes.
Twiniding Stars -Imaging Through Turbulent Material Simulate turbulent media by translating ripply glass. To imitate the twinkling of stars, use weak "Aquatex" style ripply glass and a cardboard on the platen with several 5mmholes to represent the stars.
Phase Objects and Magnitude Objects Some objects, known as magnitude objects, such as a cardboard with holes, either pass or block light. Others, known as phase objects, such as ripply glass, pass all light, but deflect it in various directions.
The images of magnitude and phase objects have different properties, especially as regards their dependence on illumination and changes through focus. Such properties, which are often seen most clearly with microscopes, can be demonstrated with the overhead projector. When a cardboard with holes is defocused, its image basically becomes a blurred version of what is seen in focus, but the image of a ripply glass changes in form. For a weakly rippled glass, image contrast may be greater out of focus, unlike a magnitude object. The defocused images of a magnitude object are nominally the same on both sides of focus, but this is not the case for phase objects. An object that combines both magnitude and phase attributes can be created by placing a ripply glass on a patterned cardboard.
Defocus
Defocus effects differ for projectors with different types of illuminations. Periodic objects when imaged defocused are nearly periodic, and make interesting patterns. Periodic plastic materials are fairly common and these can be tried. Tilt the materials on the platen to simultaneously show different amounts of defocus. Change the effects of defocus by adding a weak diffuser at the platen.
Ray Aberrations
Show that a blurred image can be decomposed into a number of differently shifted images. Hold a piece of cardboard with a hole about 5mm in diameter at the projector lens and translate it. The image on the screen is sharp for each hole position, but it moves when the hole is moved. Thus rays passing through different parts of the lens aperture do not intersect the screen in the same place.
Aberrations and Resolution
Overhead projector aberrations can be increased with a diffuser on the platen that sends light through the full aperture of the lens, rather than through only the portion for which it is best corrected. Observe the image of a resolution target with and without a diffuser.
Astigmatism Some projectors have enough astigmatism for a simple demonstration. Using a pattern with orthogonal sets of lines at the edge of the field, move the projection lens through focus to show that lines at different orientations are sharpest at different focal positions. With better corrected projectors, obtain astigmatism by placing above the pattern on the platen a cylindrical lens with a focal length of about 300 mm. Weaken a stronger cylindrical lens by immersing it in a petri dish of water or oil. Orient the cylinder at an angle above a square pattern to make a parallelogram image.
Chromatic Aberration Observe lateral color with a field stop that has a slit at the edge of the field parallel to the side of the platen. Stand near the screen to best see the colored image. Produce displaced images by covering half of the slit with a red filter and half with a blue one.
Observe chromatic aberration indirectly by using a color filter with a resolution test target, showing that the image is sharper when the wavelength range is decreased.
Observe the chromatic aberration of the Fresnel lens as described in the dispersion section above.
Dividing the Pupil for Multiple Images and Special Effects Insert a thin prism part way across the projector lens pupil to produce double images. With a multi-part platen, one image can be made to change to another. Image changing can also be done with an object made of polarizers at different angles and a rotating analyzer at the lens. Likewise, an object can be composed of different color filters with a changing filter at the lens. 
Field Lens and the Eye
In a variation of the above, attempt to view the aerial image formed by a projector. Next add a screen and then a Fresnel field lens. The observer's eye lens and retina then act as the second projector and platen screen in the above demonstrations. For direct viewing, greatly reduce the amount of light, so as not to damage the eye.
MOIRE
Moire phenomena are particularly easy to demonstrate. There is extensive literature on moire, and almost anything involving flat transparencies works on the projector, including many everyday objects, such as screens, cloth, perforated sheet, and combs. A kit sold by Edmund ($6) is useful. For the projector, two should be obtained. Use the variable enlarging feature of the photocopier to make patterns with different periodicities to show phenomena related to beating and group velocity.
Hexagonal patterns, which are not commonly used for moire, provide excellent effects. These patterns can be produced on the computer. Another source is perforated metal. An interesting effect is obtained with a relative rotation of two such pieces, about 250mm on a side. Put a pin in the center of the lower of the two, so the upper one can rotate around it. The smoother sides of the punched sheets should be in contact.
Moire is usually demonstrated black and white, but fascinating color effects can be obtained. 
SCATTERING
Surface Scattering A piece of ground glass on the platen produces a dark image because it scatters light beyond the lens. Accordingly, when viewed from near the platen, the ground glass appears lighter than its surround. Put two different types of diffusers side by side on the platen, and compare brighinesses on the screen and brightnesses viewed from near the lens. Show that the scattering results from a combination of a roughened surface and a refractive index mismatch between air and glass. Put the ground glass in a petri dish and pour in water to reduce the scattering by more nearly matching the refractive index of the glass. Use mineral oil for a better index match and still less scattering.
Linear structures scatter most efficiently in directions perpendicularly to themselves. Make an object to demonstrate this by abrading a piece of plastic sheet, about 100mm on a side, mostly in one direction. This can be done manually or by holding the plastic against a belt sander in one orientation, producing a number of scratches in roughly the same direction that do not have the regularity of a grating. Block the platen, except for a small centered hole, and hold the plastic piece at the projection lens to produce a scattering distribution perpendicular to the lines. Rotate the scattering piece and the scattered light distribution rotates with it.
Particle Scattering Show particle scattering by dropping particles into the beam leaving the projection lens. Partially block the platen to confine the beam, and darken the room by projecting the light against an absorber.
Blackboard erasers can be beaten above the beam or baking flour can be sprinkled in. Any kind of safe dust can be used. Cigarette smoke works, as does water droplets from dry ice.
Rayleigh Scattering Use a flat-bottomed, clear-sided vessel nearly tall enough to fill the space between the platen and the projection lens. Flat bottomed jars are rare in the supermarket, but chemistry glassware can be used, or a vessel can be made by gluing a flat piece of clear plastic, enlarged to be a stable base, to the end of a clear plastic tube. Cover the platen except for an opening smaller than the vessel, located where the light from the platen is most perpendicular to it. Nearly fill the vessel with water and add a small amount of milk or non-dairy creamer. The amount needed must be found experimentally, and is best added with an eye dropper. The scattered light appears as a column in the liquid. Hold a polarizing sheet beside the vessel and rotate it to show that the light is polarized with the E vector horizontal. Too much milk results in multiple scattering, which gives unpolarized light. Hold a polarizer above the vessel to demonstrate that the unscattered light is not polarized.
The unscattered light, projected to the screen is reddish because of the wavelength dependence of Rayleigh scattering. To emphasize the color change, use an additional hole in the field stop to transmit light that does not traverse the scattering liquid. Since the projector lamp has a lower color temperature than the sun, the scattered light does not look blue. Add a color correction filter to enhance the blue.
To show what happens when the incident light is polarized, place the vessel on a linear polarizing sheet on top of a rotation table with a central hole. Rotate the entire system, and the irradiance, as viewed from a point in the audience varies. Nearby observers might need to close one eye to maximize the contrast.
Liquid scattering experiments should be set up in advance optimize the formulation. It may also be necessary to get rid of air bubbles on the sides of the vessel, which can be removed with a long stirring rod. From a magenta-looking fluorescent plastic sheet, cut out a disc or square about 100mm across, and smooth the edges. This can be done with woodworking tools. Hold this piece under the projection lens and orange light is emitted. It is most intense at the edges because the fluorescent light is emitted in all directions from points within the plastic, and much of this light is guided by total internal reflection to the edges of the plastic piece. To show that there is a wavelength change, put a green filter over the platen, and orange light still appears. To demonstrate that the fluorescent plastic absorbs, put it on the filtercovered platen to produce a black image on the screen. This last demonstration does not work if the excitation is by the UV. Let the light that has passed through one fluorescing sheet pass through a second one, which emits less. Try fluorescers with different absorption bands in series, and switch their orders.
To show that absorption varies with wavelength, put side by side on the platen strips of red, green, and blue transparencies. Put a piece of fluorescent plastic across these strips, covering half of each. It is seen on the screen that the light passing through the three is diminished differently by absorption. (Note here that what is perceived as one color may have other spectral components. This can be checked with the spectroscope described below.) Fluorescent plastic itself can be used as a filter in this demonstration.
With a sheet polarizer, show that the plastic fluoresces regardless of the polarization of the incident light, that the polarization of the nonabsorbed light is not changed, and that the emitted light is not polarized.
Fluorescent posterboard, paper covered with fluorescent paint, paper marked with fluorescent markers, etc. can be held against the screen and excited by the projector light. Analogues of the above experiments can be done with transmitting color filters on the platen.
GRATING
The best grating period for overhead projector demonstrations is about 10im, i.e. 100 lines per millimeter. One such grating is the Central Scientific 8648001 ($30). Most gratings sold for education purposes have too small a period, so the diffracted light falls beyond the screen, and the light is too spread out and too dim. Mount the grating in a square piece of cardboard about 100mm on a side to obstruct light that does not pass through the grating. Hold the grating near the projection lens, both before and after it. Many gratings have equal lines and spaces, so the there is little light in the even number diffraction orders, except for the zeroth.
Basic Grating Properties
Cover the platen except for a hole about a centimeter in diameter and hold the grating after the projection lens. Observe the diffraction orders and the sequence of colors. Rotate the grating about the central ray to swing the orders in an arc. Tilt the grating in the principal plane perpendicular to the orders to produce asymmetrically separated orders, so that, for instance, the distance between the 0 and +1 orders differs from that between the 0 and -1 orders. Tilt the grating in the principal plane parallel to the lines to produce orders that intersect the screen on an arc. (In direction cosines, everything is linear.)
Use gratings with different periods to show how the separation of the orders changes.
Hold a grating under the projection lens and move it up and down, changing the separation of the orders on the screen, which can be thought of as images of "virtual orders" that are backward extensions to the platen of the diffracted light.
Replace the field stop with a hole with one with a slit for more light. Compare prisms and gratings,
showing the difference in the sequence of colors and that gratings can provide more dispersion.
Multiple Gratings Put one grating after another to produced an array of orders of orders, each order of the first grating giving rise to multiple orders of the second. Rotate the gratings relative to one another to skew the pattern. If the grating lines are perpendicular, the array is square for gratings of the same period, or rectangular if the period are different.
A number of interesting effects can be produced with crossed gratings. Mount the crossed grating under the projection lens so that it can be rotated about its axis, and put a turntable with a central hole on the platen. Place various objects on the turntable and rotate both them and the grating. With a cardboard that has a single slit cut out, a pattern like that of a water wheel is produced. Perforated metal gives interesting patterns. Another object is a cardboard with random holes. The image is a messy collection of shapes and colors that can be used as an example of the common scientific endeavor of decomposing a confusing situation into pieces that can be understood. Insert color filters to show that the pattern can be spectrally decomposed. Block out all but one of the holes to show spatial decomposition. Combine the two decompositions. A good perpendicular crossed grating is the "Rainbow Symphony Spectrostar" ($8).
With a polarizer, show that diffraction angles do not vary with polarization, although the amount of light may vary.
Color Addition A grating can also be used as a means to demonstrate some color addition phenomena. With multiple holes in the field stop, different orders can be overlapped in various ways to produce additive color effects. To add spectra that are reversed, cut two parallel slits about 50mm apart in a cardboard that is placed on the platen. Above the platen, hold a grating with the lines oriented parallel to the slits. Move the grating up and down to cause the +1 order from one slit to overlap the -1 order from another slit, adding red and violet to give magenta.
SPECTROSCOPE
Make a spectroscope by mounting a grating after the projection lens and covering the platen except for a slit, whose position is chosen for best viewing on the screen. Place various colored objects on the slit and observe their spectra. The zero order shows their appearances, providing qualitative demonstrations in color vision, showing, for example, that something that looks yellow may contain other colors. Show the tradeoff between resolution and power with slits of different widths or with a wedge-shaped slit. The narrower the slit the more saturated the colors, but the less light.
Among useful objects are: Colored plastic sheets and color filters. Magenta is instructive, as is yellow, which may contain red and green. Transparency markers on transparencies work. Didymium glass (available from Rolyn Optics and elsewhere) has distinct absorption bands, and fluorescent plastics usually have a single dark band. Interference filters can be tilted to change the color of the light they transmit. Colored liquids can be put in petri dishes or the like.
With an unsaturated colored plastic sheet, make a staircase of one thickness, two thicknesses, and so on.
In the zero order the color becomes more saturated, and the spectrum become more confmed.
Do side-by-side comparisons by putting samples next to one another on the platen slit. Overlap samples for color subtraction.
Do "astronomical speciroscopy" by using the projector in reverse. Place a white paper screen on the platen and a grating at the lens. Look out a window at night to observe the spectra of star surrogate sodium and mercury street lights.
INTERFERENCE COLORS
Interference colors can be shown on the overhead projector. Put a transmitting interference object above the platen and observe the color of its image. Tilt the object to change the color. Some objects are polarization-sensitive enough that the colors can be changed by rotating a polarizer before or after some them. The platen can be blocked except for two or more holes to compare with white light or with light that has passed through another filter.
Reflect light directly from the object to the screen. This light is not imaged, so a blur is produced, but it is colored. If the filter absorbs little, the transmitted and reflected colors are complementary, and the filter can be oriented to overlap the two beams, giving a white sum.
Inexpensive filters are Edmund color separating dichroic filters, P43,45X, where X = 4,5,6,7,8, about $12 each, and American Science & Surplus dichroic filters, about $5. "Iridescent" gift wrapping sheets show angular dependence. A thin film deposition company may be able to provide rejected material that is excellent for qualitative demonstrations.
Most everyday examples of interference are in reflection, e.g. thin oil fthns in parking lots. To observe reflection interference colors, block the platen except for an off-center opening and use a mirror to reflect light to a tilted object and thence to the projection lens. This requires a lot of apparatus.
POLARIZATION
Polarization phenomena are dramatically and colorfully demonstrated. Most demonstrations employ sheet polarizer, which need not have the highest extinction. In general, avoid colored polarization material, so the colors arise entirely from wavelength-dependent phase shifts. Both linear and circular polarizers are useful, and circular material can be reversed and used as linear polarizer. Sheet waveplates are also useful. Some material is available in small, inexpensive pieces. Material that can be had only in larger sheets can be cut up and divided between a number of people.
Basic Polariscope Arrangement Convert an overhead projector into a polariscope as follows: Set up a rotatable polarizer on the platen. Above this, put a rotation table to hold the object under study. Topmost is a rotatable analyzer. Separate the turntables with thin wood sheets with holes. Rubber bottle stoppers, which have a lot of friction, are good for this. The analyzer can be mounted on such a turntable or on a separate stand that holds it under the lens. All the apparatus should be located between the platen and the projection lens, since the projection lens/mirror assembly affect polarization. Locate color filters above the analyzer or below the polarizer, since they may be birefringent. Make comparisons by putting objects side by side or by leaving an empty space next to the object being observed. To show the orientations of polarizer, analyzer, and the objects between them, make pointers of birefringent plastic that show up, in general differently colored, for all orientations.
Show that the projector lens/mirror assembly affects polarization by placing a polarizer on the platen and an analyzer alternately before and after the lens.
Two Polarizers Show the change of transmittance with the relative angles of two polarizers. Show that there are two extremes of light and dark per revolution.
Three Polarizers
Set the polarizer and analyzer to extinction and introduce a third polarizer between them at an arbitrary angle, resulting in light at the screen. Rotate the inner polarizer, giving four cycles of brightness per rotation. Similarly, set the outer polarizer and analyzer parallel, and insert between them another polarizer that reduces the light, and whose full rotation gives two cycles of irradiance.
Determining Polarization Orientation with a Half Shade Device When an analyzer is rotated relative to a polarizer, it is difficult to find the positions where the two are parallel and perpendicular, since the irradiance is an extremum. The positions can be found more easily and more accurately with the half-shade device. Cut a piece of polarizer so one reference edge makes an angle with a principal direction. Cut two pieces from this one. Flip one over and contact the two portions of the original reference, so the principa' directions of the two halves angles with the common edge. When this pair is rotated in linearly polarized light, there are four angles at which the two halves are equally bright, when the edge is perpendicular and when it is parallel to the direction of polarization. This is an example of differential detection, in which the eye compares the brightness of adjacent fields, which can be done to do a few percent.
Multiple Polarizers and Analyzers A variety of effects can be obtained by juxtaposing pieces of polarizer cut at different angles relative to their principal directions. With orthogonal pieces acting as a dual polarizer, followed by, say, a piece of plastic and an analyzer, two relative orientations can be seen at once. Similarly, strips of polarizer cut at different angles can be put together. With similar analyzer strips at right angles, a matrix of polarizer and analyzer angles is produced.
Waveplates Waveplates, or birefringent plastic sheets, can be put between polarizer and analyzer and rotated. Such waveplates have a color dependence, which can be suppressed with a color filter or demonstrated using white light or possibly with different color filters side by side on the platen. Show that there are two principal directions by rotating a waveplate between polarizers. Show that two quarter wave plates in the same orientation acts like a half wave plate, that orthogonal identical wave plates cancel, and so on. An array of waveplates of the same type oriented differently makes an interesting display.
Circular Polarizers Make a circular polariscope by replacing the linear polarizer and analyzer with circular polarization material, usually a left-handed and a right-handed pair. Such a pair would ideally extinguish light, regardless of their azimuths, but in practice there is chromatic variation, and demonstrations work best for a particular relative azimuth. Suppress chromatic effects with a color filter transmitting around the design wavelength of the circular polarizers. Place various objects in this polariscope and compare their appearances with those in the linear polariscope. Rotate the objects. Show that a linear polarizer and a quarter wave plate make a circular polarizer.
Calcite Crystals Calcite crystals are usually not as large as is desirable. One way to help is with an auxiliary lens or with an enlarging unit designed to show 4"x5' transparencies on a projector. Make a small hole in a piece of cardboard and place the crystal above it, resulting in two spots. Rotate the crystal and rotate polarizers before and after. Add a second crystal to split each of the spots into two more spots, depending on the orientation. To make a thicker crystal, put one on top of the other, possibly with index matching materiaL The orientations are matched when the combination produces two spots rather than four. Optical Activity The polarization azimuth of linearly polarized light rotates as it passes through an optically active material. Light Kar0TM corn syrup is a readily available optically active material. Karo syrup is water soluble and easy to dispose of. It keeps for a long time, and can be reused. Pour the syrup in advance, since there may be bubbles that float upward very slowly. Place a vessel of the syrup about six inches deep with a fairly flat bottom between polarizer and analyzer, producing a color from incident white light. Rotating the vessel has no effect. Put a color filter before or after the polariscope and rotate the analyzer to show that light of the wavelength being viewed is nearly linearly polarized, but at a different angle. Switch to a different color, which is also linearly polarized and rotated, but at a different angle, so dispersion causes the color change with white light incident. Two colors can be compared simultaneously with two filters, each blocking half the beam. Compare vessels with different depths of syrup. To show continuous thickness variation, cut a strip of sheet polarizer in a principal direction and put it in the vessel at an angle. Remove the polariscope polarizer, and rotate the analyzer, giving a dark band that moves along the polarizer strip. Orthogonally polarizing strips show bands 1800 out of phase. Between circular polarizers, the syrup has no effect. To demonstrate rotation in both directions, obtain levorotary and dextrorotary sugars from a chemistry supply house.
Polarization from Reflection and Transmission
It is possible to show changes of polarization with transmission by holding plastic sheets at large angles between polarizer and analyzer. However, the effect is not dramatic. Multiple sheets can enhance the effect, as in the pile of plates polarizer.
Observe transmission at all angles simultaneously with a plastic dome between polarizers. The dome material must not be birefringent. A large dome is Edmund Scientific C71,710 for $22. Another source is the "plastic eggs" that hold small toys in vending machines at supermarkets and so forth. Soap bubbles can be used. With the polarizer and analyzer crossed, observe the dark cross, whose orientation is that of the principal directions of the polarizers. Rotate the dome to show its rotational symmetry. Rotate the polarizer and analyzer together. Set the polarizer and analyzer parallel to give a complementary pattern.
To show changes of polarization upon reflection, use black glass or smooth black plastic to eliminate multiple reflections. Put a polarizer on the platen and a rear projection screen vertically on the front edge of the platen. The plastic is held at an angle of about 45°to reflect the light on to the screen. The platen must be obstructed except for a small opening, since the light leaves it over a range of angles. Vary the angle of the plastic and that of the polarizer to show Brewster's angle. To compare different polarizations, make a field stop with two or more holes, each covered by linear polarizers at a different angles, including those that give s and p polarizations. Tilt the black material to show that reflectivity varies with incident polarization.
Spectral Analysis Of Polarization Effects
Analyze polarization phenomena spectroscopically by combining the polariscope and the spectroscope. Cover the polariscope platen with a cardboard with a slit and add a grating after the projection lens.
Conoscoopic Effects
Sandwich thin birefringent materials between a polarizer and analyzer and hold the stack after the projection lens. This uses the projector as a small source oflight with a range of angles. The lamp should be without internal mirrors, and the effect may be enhanced by obstructing the pupil so as to pass only light from the filament. The quality of these demonstrations varies with the projector.
Depolarization
Observe depolarization by projecting light onto the screen with a polarizer following the projection lens. Observe the screen through an analyzer held at the eye to see that the light is not completely polarized. Try other screen material, including aluminum foil, which is better at preserving polarization. Such screen considerations are necessary for three-dimensional motion pictures based on polarization.
Order of Elements
The order of elements matters in polarization. Between the polarizer and analyzer place two elements and then reverse their order. In general, the result changes. This is an example of non-commutativity in physics. A related fact is that polarization elements can be mathematically represented by matrices, the product of which represent a series of elements, and matrix multiplication is not commutative.
1800 Rotation Periodicity Between polarizer and analyzer, anything can be rotated 1800 and the appearance is unchanged. Likewise the polarizer or analyzer can be so rotated. Show this with homogeneous material such as birefnngent sheet or polarizing sheet. More interestingly, use an irregular looking object, e.g. some stressed plastic. Circle a region of fairly uniform color to keep track of it. As the object is rotated, the colors shift and change, but after half a revolution the color in the marked region returns to what it was originally.
Principal Directions and Flipping
Place a flat homogeneous object, for example a birefringent sheet, between polarizer and analyzer and flip it about an axis parallel to the platen. In general the output changes, but there are two special orthogonal directions about which the material can be flipped with no change. ACKNOWLEDGMENTS I have freely harvested published material on demonstrations, modifying them as necessary for the overhead projector. A number of people have made useful suggestions, including Tom Ainsworth, Sam
